Abstract Cutaneous tissue injury, both in vivo and in vitro, initiates activation of a "wound repair" transcriptional program. One such highly induced gene encodes plasminogen activator inhibitor type-1 (PAI-1, SERPINE1). PAI-1-GFP, expressed as a fusion protein under inducible control of +800 bp of the wound-activated PAI-1 promoter, prominantly "marked" keratinocyte migration trails during the real-time of monolayer scrape-injury repair. Addition of active recombinant PAI-1 to wounded wild-type keratinocyte monolayers as well as to PAI-1 ¡/¡ MEFs and PAI-1 ¡/¡ keratinocytes signiWcantly stimulated directional motility above basal levels in all cell types. PAI-1 expression knockdown or antibody-mediated functional inhibition, in contrast, eVectively attenuated injury repair. The defect in wound-associated migratory activity as a consequence of antisense-mediated PAI-1 down-regulation was eVectively reversed by addition of recombinant PAI-1 immediately after scrape injury. One possible mechanism underlying the PAI-1-dependent motile response may involve Wne control of the keratinocyte substrate detachment/re-attachment process. Exogenous PAI-1 signiWcantly enhanced keratinocyte spread cell "footprint" area while PAI-1 neutralizing antibodies, but not control non-immune IgG, eVectively inhibited spreading with apoptotic hallmarks evident within 24 h. Importantly, PAI-1 not only stimulated keratinocyte adhesion and wound-initiated planar migration but also rescued keratinocytes from plasminogen-induced substrate detachment/anoikis. The early transcriptional response of the PAI-1 gene to monolayer trauma and its prominence in the injury repair genetic signature are consistent with its function as both a survival factor and regulator of the time course of epithelial migration as part of the cutaneous injury response program.
Introduction
Activation of a global "wound repair' genetic program appears to be a general response to serum as well as injurysimulating culture conditions [12, 17, 21, 25, 27, 30, 31, 39] . One particular transcript induced in abundance in wound-stimulated keratinocytes encodes plasminogen activator inhibitor type-1 (PAI-1), a member of the serine protease inhibitor (SERPIN) gene family and the major physiologic regulator of the urokinase plasminogen activator (uPA)-dependent pericellular plasmin-generating cascade [29, 39] . PAI-1 mRNA/protein increase rapidly in cultured epithelial cells immediately adjacent to experimentally-created wounds and remain elevated over the course of monolayer "healing" [12, 25, 29] , closely recapitulating PAI-1 spatial/temporal induction in the wounded epidermis [18, 34] . Several SERPINS (i.e., PAI-1, protease nexin-1), in fact, modulate the complex integrative process of injury resolution largely through the focalized regulation of plasmin-initiated matrix remodeling, cell-to-substrate adhesion/detachment, migration and apoptosis [3, 7-10, 24, 26, 35, 40] . The eVects of PAI-1 on cell migration, however, are not limited to its proteolytic inhibitory activity. While LDL receptor-related protein (LRP)-mediated endocytosis of uPA receptor (uPAR)-associated uPA/PAI-1 complexes has adhesive and motile consequences, promotion of migration by PAI-1 is not exclusively dependent on associations with uPA, tissue-type PA or vitronectin but does require binding to LRP [9] . LRP-PAI-1 interaction activates the Jak/Stat signaling pathway promoting Jak1 translocation to the leading edge and concomitant stimulation of cell motility [9] .
Since PAI-1 is a highly up-regulated member of the "tissue repair" transcriptome and wound-initiated induction is restricted to the "activated" epidermal keratinocyte [12, 17, 27, 31] , a quantiWable in vitro wound injury model [27] was adapted to assess the role of this SERPIN in the post-injury phase of trauma resolution. GFP-tagged PAI-1, expressed as a chimeric protein in engineered keratinocytes, prominantly "marked" cellular migration trails during the realtime of monolayer scrape-injury repair. Exogenous PAI-1, in fact, signiWcantly increased wound-initiated motility in wild-type as well as PAI-1 ¡/¡ keratinocytes. Most importantly, targeted PAI-1 knockdown and protein add-back approaches conWrmed that PAI-1 not only stimulated wound-initiated planar migration but also rescued keratinocytes from plasminogen-induced substrate detachment/ anoikis. The early transcriptional response of the PAI-1 gene to monolayer wounding and its prominence in the injury repair genetic signature are consistent with its role as both a survival factor and regulator of the temporal cadence of epithelial migration as part of the cutaneous injury response program.
Materials and methods

Cell culture
HaCaT-II4 (human) and RK (rat) keratinocytes, PAI-1
and wild-type (PAI-1 +/+ ) keratinocytes and PAI-1 ¡/¡ mouse embryo Wbroblasts (MEFs) were cultured as described [1, 19, 27] . Recombinant active PAI-1 (t 1/2 = 145 h at 37°C; Calbiochem, La Jolla, CA) was used at Wnal concentrations indicated in the text. PAI-1 neutralizing antibodies (AB778; Chemicon International), or control non-immune IgG, were added 10 min prior to and 6 h after monolayer wounding.
PAI-1-GFP chimera and anti-sense expression constructs
The human PAI-1 promoter (nucleotides ¡800 to +71) was PCR-ampliWed for 30 cycles using the p800-Luc reporter plasmid as a template. This fragment was gel-puriWed and cloned into the SacI/KpnI site of the promoter-less GFP expression vector pEGFP-1 (Clontech, Palo Alto, CA). For preparation of a PAI-1-GFP chimeric expression construct, the full-length human PAI-1 coding sequence was derived by RT-PCR using total RNA isolated from human foreskin Wbroblasts, ampliWed and expressed as a GFP fusion protein by insertion into the BamHI/AgeI site of the PAI-1 promoter pEGFP-1 vector. RK cells were seeded into 35 mm dishes and allowed to reach a density of 10 5 cells/cm 2 prior to transfection with 1-2 g DNA using Lipofectamine-Plus. Transfected keratinocytes were trypsinized and plated at low cell density in EGF-supplemented (1 ng/ ml) medium or grown to conXuency, the monolayers serum-starved and scrape-wounded. In some cases, transfectants were removed from the culture dish by incubation in 0.2% saponin in Ca 2+ /Mg 2+ -free PBS leaving a substrate-attached saponin-resistant matrix. A BamHI/ HindIII PAI-1 cDNA fragment, Xanked with NotI linkers, was cloned into the Rc/CMV expression plasmid in antisense orientation (determined by restriction fragment mapping) to generate PAI-1 antisense transcripts [15] . Western blotting conWrmed that Rc/CMVIAP transfection eVectively down-regulated keratinocyte PAI-1 expression levels by at least 80%.
Cellular migratory and substrate detachment/viability assessments Planar motile evaluations utilized the monolayer scrape wound assay [28] . The narrow end of a P1000 pipette tip was pushed through quiescent monolayers to create scratch wounds approximately 0.1 cm wide. Lines were drawn on the bottom of the culture dish at intervals along the scrape track to identify speciWc sites for successive injury "repair" measurements. The reference lines were aligned with the bottom of an ocular grid to determine the width of the denuded zone initially, at the time of wounding, and at subsequent pre-determined times; this method insured that the same areas of the wound track were consistently monitored. For substrate adhesion/survival evaluations, HaCaT-II4 cells were grown to approximately 40% conXuency (as conWrmed by ocular grid microscopy) and the medium replaced with serum-free DMEM containing 1% BSA. Plasminogen (20 g/ml; 0.22 M) and/or PAI-1 were added 24 h later for an additional 6 or 48 h. The number of attached cells per unit area was determined at 6 h by microscopy of crystal violet-stained cultures using a calibrated ocular grid. The fraction of the total recovered population (adherent + detached keratinocytes) capable of producing viable colonies upon transfer of 500 cells to 150 cm 2 culture dishes DMEM/10% FBS (after a 48-h exposure to serum-free medium containing plasminogen § PAI-1) was used to calculate a survival index.
Results
PAI-1 positively aVects experimental wound repair
Expression of a PAI-1-GFP fusion construct, under inducible regulation by +800 bp of the wound-activated PAI-1 promoter, provided for the direct visualization of PAI-1-GFP deposition in keratinocyte migration tracks (Fig. 1a-c) . GFP when expressed alone (i.e., without linkage to PAI-1) accumulated, by virtue of its localization sequence, in the nucleus and not in migration trails (Fig. 1d) . Removal of cells with saponin prior to microscopy indicated that keratinocytes speciWcally deposited the PAI-1-GFP chimera into the ventral undersurface "matrix" (Fig. 1e, f) . Indeed, the rapid deposition of PAI-1 in the matrix-associated keratinocyte migration trails as a consequence of monolayer wounding or stimulation with EGF was similar in time frame and directionality as that reported by Seebacher et al. [36] . Such spatial restrictions on PAI-1 deposition in the context of experimental scrape repair are consistent with involvement in the motile response [9, 27] . Addition of active recombinant PAI-1 to wounded HaCaT-II4 (Fig. 2a) or RK (Fig. 2b ) keratinocyte monolayers as well as to PAI-1 ¡/¡ MEFs and PAI-1 ¡/¡ keratinocytes (Fig. 2b, c) , in fact, signiWcantly stimulated directional motility above basal levels in all cell types. PAI-1 expression antisense knockdown or functional inhibition (with neutralizing antibodies), in contrast, eVectively attenuated injury repair (Fig. 3a, b) . To more conclusively implicate PAI-1 as a regulator of epidermal migration, a combined molecular knockdown/wound repair "rescue" strategy was devised. The defect in wound-associated migratory injury (a, b) . In either instance, the direction of cell migration and the elaboration of GFP-tagged PAI-1-rich migration "trails" was toward the denuded zones. Keratinocytes transfected with the PAI-1 promoter-driven PAI-1-GFP chimera (c) or the PAI-1 promoter-driven GFP only (d) expression vectors were cultured at low cell density, serumstarved, then stimulated with EGF. Although both populations were highly motile, only the PAI-1-GFP chimera-expressing cells developed GFP-labeled migration tracks (c). No labeled trails were evident in keratinocytes that expressed only GFP (i.e., in the absence of the PAI-1 coding sequence insert) (d) conWrming that the tracks (in a-c) were sites of deposition of the PAI-1-GFP fusion protein. Removal of RK cells with saponin conWrmed that PAI-1-GFP did, in fact, accumulate in the ventral undersurface, substrate-attached, matrix (e). Phase-contrast microscopy (f) of the identical Weld (in e) assured that the saponin procedure released keratinocyte bodies while retaining an attached matrix residue activity characteristic of wild-type keratinocytes as a consequence of constitutive expression of a PAI-1 antisense construct resulting in PAI-1 down-regulation (Fig. 3a) was eVectively reversed by addition of recombinant PAI-1 (Fig. 3b) . Such restoration of the motile response to monolayer wounding was evident as early as 2 h post-injury (Fig. 3b) . PAI-1 regulates keratinocyte adhesion/substrate detachment and promotes adhesion-dependent survival One possible mechanism underlying the PAI-1-dependent motile response likely involves Wne control of the keratinocyte substrate detachment/re-attachment process. Immobilized PAI-1, in fact, promoted cell adhesion and spreading in a dose-dependent manner in human myogenic cells functioning as part of a multimolecular complex that included integrins, uPA and uPAR [26] . Exposure to recombinant PAI-1 (20 nM in serum-free medium) rapidly increased (by 42%) the keratinocyte footprint area (Fig. 4a) . Seeding of keratinocytes to growth medium containing PAI-1 neutralizing antibodies but not control non-immune IgG, moreover, eVectively inhibited cell spreading ( Fig. 4b) with hallmarks of apoptosis (e.g., refractile cell bodies, cytoplasmic blebbing, nuclear condensation) evident by 24 h. These data and previous Wndings [5, 9, 26] collectively suggest that PAI-1 may regulate cycles of cell-to-substrate adhesion/detachment to eVect eYcient migration while promoting attachment-dependent keratinocyte survival. Indeed, PAI-1 ¡/¡ cells are signiWcantly more sensitive to apoptotic stimuli compared to their PAI-1 +/+ counterparts [33] and loss of substrate anchorage initiates a rapid apoptotic Fig. 4 PAI-1 modulates keratinocyte substrate spreading and plasminogen-mediated substrate detachment. RK cells were cultured at low density, the growth medium aspirated and replaced with serumfree medium with or without added PAI-1 (20 nM) or PAI-1 neutralizing antibodies; 6 h (for PAI-1) or 24 h (for PAI-1 Ab) later, the cells were Wxed, permeabilized and the actin cyctoskeleton visualized for computerized determination of cell spread area using Texas Red Phalloidin. PAI-1 supplementation induced a signiWcant increase in cellspread area (P > 0.0001) (a) while PAI-1 neutralizing antibodies almost completely blocked spreading (b). Data plotted (in a, b) is the mean § SD of cell area measurements for 100 randomly selected control and PAI-1-treated keratinocytes. One possibility for the increase in cell spreading in PAI-1-supplemented cultures is that PAI-1 modulates pericellular proteolysis and, thereby, keratinocyte adhesion. Plasminogen (Plg 0.22 M, Wnal concentration) was added to 40% conXuent serum-free HaCaT-II4 cell cultures with or without simultaneous addition of recombinant PAI-1 (20 nM). Cells were Wxed in formalin 6 h later, permeabilized with methanol, stained with crystal violet and the number of attached cells per unit area determined by ocular grid microscopy. Plasminogen-induced rapid keratinocyte retraction and subsequent detachment; substrate release was signiWcantly attenuated by PAI-1 (c). The fraction of the total recovered HaCaT-II4 population capable of producing viable colonies upon transfer to DMEM/10% FBS (after a 48-h exposure to serum-free medium containing plasminogen § PAI-1) was used as a measure of keratinocyte viability. The survival index for plasminogen + PAI-1 cultures was >4-fold than that of non-PAI-1-treated keratinocytes indicating that exogenous PAI-1 eVectively protected HaCaT-II4 cells from plasminogen-induced loss of viability. Data (in c, d) represents the mean § SD of triplicate experiments. Crystal violet staining of low-density quiescent (Q) and 7-day serum-stimulated (Q ! S) HaCaT-II4 cultures (insert in d) indicated that the conditions of quiescence arrest was accompanied by complete growth recovery conWrming the usefulness of the model system for viability assessments response by HaCaT-II4 cells [4] . To assess potential prosurvival activities of PAI-1 in human keratinocytes, the eVects of a physiologic regulator of epidermal cell detachment (plasminogen) [13, 32] were assessed in the presence or absence of recombinant PAI-1. The medium in approximately 40% conXuent HaCaT-II4 cultures was replaced with serum-free DMEM containing 1% BSA; 24 h later, plasminogen (0.22 M, Wnal concentration) § PAI-1 were added. The rapid cell body retraction and substrate release of HaCaT-II4 keratinocytes upon plasminogen exposure was signiWcantly attenuated by exogenous PAI-1 (Fig. 4c) . The PAI-1-dependent rescue of the adhesive phenotype was reXected in a signiWcant increase in the HaCaT-II4 survival index compared to keratinocytes exposed to plasminogen alone (Fig. 4d) .
Discussion
Cutaneous injury initiates a complex signaling response that results in the reprogramming of gene expression necessary to integrate the various temporal and spatial facets of tissue repair (i.e., cell migration, growth, matrix remodeling) [22] . ReWnements in the development of in vitro or ex vivo systems that recapitulate particular aspects of posttrauma re-epithelialization have made it possible to deWne speciWc mechanisms underlying injury-initiated keratinocyte "activation" [11, 12, 23, 25, 27, 39, 41] . Indeed, the regional-restriction of uPA/PAI-1PAI-1 expression as well as the spatial/temporal distinctions among the diVerentiated, motile and proliferative compartments typical of injury repair in vivo can be recreated during cell migration into the denuded areas of a scrape-injured monolayer [reviewed in 27]. Several hallmarks of epidermal injury resolution (i.e., MAP kinase activation, PAI-1 induction, matrix remodeling, proliferative compartmentalization) are reproduced, moreover, in scrape-wounded keratinocyte monolayers [12, 27, 39] validating use of this culture model to frame molecular events associated with the repair process.
The present paper highlights two important Wndings with regard to keratinocyte biology that have not been considered previously. The defect in wound-associated keratinocyte migration as a consequence of antisense-mediated PAI-1 knockdown was eVectively reversed by addition of recombinant PAI-1 immediately after scrape injury. One possible mechanism underlying the PAI-1-dependent motile response may involve Wne control of the keratinocyte substrate detachment/re-attachment process. Perhaps as importantly, PAI-1 not only stimulated keratinocyte adhesion and wound-initiated planar migration but also rescued keratinocytes from plasminogen-induced substrate detachment/anoikis. These eVects may reXect the fact that PAI-1 accumulates speciWcally in the cellular undersurface region where it is well-positioned to modulate integrin-ECM or uPA/uPAR-ECM interactions as well as stromal remodeling [2, 3, 6, 8-10, 14, 15, 20, 24, 29, 37, 42] . Activation of the PAI-1 gene early after monolayer wounding and its prominence in the injury repair transcriptome are consistent with the present data suggesting a dual function for PAI-1 (i.e., as a keratinocyte survival factor and regulator of epithelial migration) in the cutaneous injury response program. In the latter context, changes in PAI-1 expression could impact motile behavior by modulating uPA-dependent pericellular proteolysis and/or cell-to-matrix adhesion [42] . PAI-1 limits uPA-mediated pericellular plasmin generation and stromal degradation likely maintaining a "scaVold" permissive for cell migration [3, 42] . PAI-1 also disrupts vitronectin-uPAR interactions, detaching cells that utilize this receptor as a matrix anchor and inhibiting v integrin-mediated attachment to vitronectin by blocking accessibility to the RGD motif [10] . uPAR-associated uPA/ PAI-1 complexes, moreover, are endocytosed by LRP family members potentially altering LRP and/or uPAR signaling events important in migratory decisions [6, 7, 9] . Collectively, PAI-1 may function within the global program of the tissue repair response to coordinate cycles of cell-to-substrate adhesion/detachment [7, 8, 10, 24, 27, 29] . The association between the activated phenotype and targeted accumulation of PAI-1 in close proximity to newly formed focal adhesions [20] is consistent with this function. PAI-1 may also inXuence substrate attachment directly, as one component in the molecular complex that bridges the cell and the ECM [26] , additionally suggesting PAI-1 can aVect adhesion when presented to cells as both a soluble as well matrix-anchored SERPIN [9, 21, 24, 26] . Targeting PAI-1 gene expression and/or PAI-1 function may provide a novel, therapeutically-relevant approach, to manage the pathophysiology of PAI-1-associated cutaneous Wbrosis and other wound healing disorders [16, 38] .
